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Description 

METHOD FOR CONTROLLING ENGINE 
FUEL INJECTION IN A HYBRID ELECTRIC 

VEHICLE 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates generally to the operation of 
hybrid vehicles, and more particularly to the operation of 
an engine of a hybrid electric vehicle. 

[0003] 2. Background Art 

[0004] Methods for controlling the operation of an internal com- 
bustion engine in a hybrid vehicle are known in the hybrid 
vehicle engine control art, such as that described in U.S. 
Patent No. 5,818,116. This patent focus on driving an in- 
ternal combustion engine at a predetermined revolving 
speed to prevent variation in torque output at the time the 
internal combustion engine is started. However, it does 
not detail the specific steps for implementing fuel injec- 



tion control and ignition timing control of the engine, nor 
does it address the vehicle emissions concerns associated 
with "overfueling" during engine startups. 
[0005] Before applicants invention, there was a need for a 

method for controlling fuel injection during engine star- 
tups that more rapidly determines and provides a precise 
amount of fuel to provide to a particular engine cylinder 
to lower vehicle emissions. Moreover, there was a desire 
to inhibit "overfueling" conditions yet provide sufficient 
fuel to facilitate robust engine starts. Problems associated 
with the prior art as noted above and other problems are 

addressed by Applicants' invention as summarized below. 
Summary of Invention 

[0006] According to one aspect of the present invention, a 

method for controlling fuel injection during engine startup 
in a hybrid electric vehicle is provided. The hybrid electric 
vehicle includes an engine, a power source, an electrical 
machine, and a control module for monitoring and con- 
trolling the hybrid electric vehicle. The engine is adapted 
to drive a vehicle wheel and includes a plurality of cylin- 
ders and a fuel injector associated with each cylinder. The 
electrical machine is adapted to be powered by the power 
source to drive the engine or the vehicle wheel. 



[0007] The method includes the steps of driving the engine with 
the electrical machine, determining whether the engine is 
at a target state, selecting a cylinder for fuel injection, 
calculating an amount of fuel to provide to the cylinder, 
injecting the amount of fuel with the fuel injector, and re- 
peating the selecting, calculating, and injecting steps for 
another cylinder for a predetermined number of iterations 
to facilitate robust engine starting and reduce vehicle 
emissions. 

[0008] The engine may include an air intake manifold adapted to 
provide air to the plurality of cylinders. The step of deter- 
mining whether the engine is at the target state may in- 
clude determining whether a pressure sensed in the air 
intake manifold pressure is less than a first limit value, 
determining whether a number of cylinder events exceeds 
a second limit value, or determining whether a predeter- 
mined amount of time has elapsed. 

[0009] The step of calculating the amount of fuel to provide to 
the cylinder may include obtaining a first fuel/air ratio 
value, calculating a second fuel/air ratio value based on 
an engine coolant temperature and a counted number of 
cylinder events, adding the first and second fuel/air ratio 
values to produce a target fuel/air ratio value, and deter- 



mining the amount of fuel to provide based on the target 
fuel/air ratio value. 

[0010] The time required to calculate the first fuel/air ratio value 
may be greater than the time required to calculate the 
second fuel/air ratio value. The second fuel/air ratio value 
calculated during a current iteration may be less than the 
second fuel/air ratio value calculated during a preceding 
iteration. The amount of fuel provided to each cylinder 
may be constant for a subset of the predetermined num- 
ber of iterations. 

[001 1] According to another aspect of the present invention, a 

method for controlling fuel injection during engine startup 
in a hybrid electric vehicle is provided. The hybrid electric 
vehicle includes an engine, a power source, an electrical 
machine, and a control module for monitoring and con- 
trolling the hybrid electric vehicle. The engine is adapted 
to drive a vehicle wheel and includes a plurality of cylin- 
ders. The electrical machine is adapted to be powered by 
the power source to selectively drive the engine or the ve- 
hicle wheel. 

[0012] The method includes the steps of driving the engine with 
the electrical machine, determining whether the engine is 
at a target speed, selecting a cylinder for fuel injection, 



calculating a first fuel/air ratio value and a second fuel/air 
ratio value, providing a target fuel/air ratio to the cylinder 
based on the first and second fuel/air ratio values, incre- 
menting a counter, and repeating the selecting, calculat- 
ing, providing, and incrementing steps with the control 
module until the counter exceeds a predetermined value. 

[0013] The first fuel/air ratio value may be greater than the sec- 
ond fuel/air ratio value. The target fuel/air ratio may de- 
crease each iteration to reduce vehicle emissions. 

[0014] According to another aspect of the present invention, a 

method for controlling fuel injection during engine startup 
in a hybrid electric vehicle is provided. The hybrid electric 
vehicle includes an engine, a power source, an electrical 
machine, a control module, and first, second, third, and 
fourth signals. The engine is adapted to drive a vehicle 
wheel includes a plurality of cylinders, a fuel injector as- 
sociated with each cylinder, an air intake manifold, a 
camshaft, a crankshaft, and an engine cooling system. 
The electrical machine is adapted to be powered by the 
power source to drive the engine or the vehicle wheel. The 
first signal is indicative of an air intake manifold pressure. 
The second signal is indicative of a camshaft position. The 
third signal is indicative of a crankshaft position. The 



fourth signal is indicative of an engine coolant tempera- 
ture. 

[0015] The method includes the steps of driving the engine with 
the electrical machine, determining whether the engine is 
at a target state, selecting a cylinder for fuel injection, 
calculating a target fuel/air ratio value, incrementing a 
counter value, providing an amount of fuel to each of the 
plurality of cylinders in a predetermined sequence based 
on the target fuel/air ratio value, and repeating the calcu- 
lating, incrementing, and providing steps for a predeter- 
mined number of iterations. 

[0016] The engine may be at the target state when the first signal 

is less than a first limit value. The step of selecting a 

cylinder may be based on the second and third signals. 

The step of calculating the target fuel/air ratio value may 

include obtaining a first fuel/air ratio value, calculating a 

second fuel/air ratio value based on the fourth signal and 

the counter value, and adding the first and second fuel/air 

ratio values. 
Brief Description of Drawings 

[0017] Figure 1 is a schematic of a hybrid electric vehicle having 
an engine. 

[0018] Figure 2 is a section view of the engine along section 2-2. 



[0019] Figure 3 is a flowchart of a method for controlling fuel in- 
jection during startup of the engine. 

[0020] Figure 4 is a flowchart of another embodiment of the 

method for controlling fuel injection during startup of the 
engine. 

[0021] Figure 5 is a plot depicting the operation of the engine 

during startup in accordance with the method shown in 

Figure 3. 
Detailed Description 

[0022] Referring to Figure 1, a schematic of a hybrid electric ve- 
hicle 10 is shown. The hybrid electric vehicle 10 includes 
an engine 12, a power source 14, an electrical machine 
16, and at least one control module 18. The hybrid elec- 
tric vehicle 10 may have any suitable drive train configu- 
ration, such as a series hybrid drive, parallel hybrid drive, 
or split hybrid drive as is known by those skilled in the 
art. 

[0023] The engine 12 may have any suitable configuration. In the 
embodiment shown in Figure 1, the engine 12 is config- 
ured as an in-line four cylinder, four stroke cycle internal 
combustion gasoline engine. Referring to Figures 1 and 2, 
the engine 12 includes a cylinder block having a plurality 
of cylinders, numbered 1 through 4, in which pistons 20 



can slide. The pistons 20 are connected to an engine 
crankshaft 22. In addition, the engine 12 also includes an 
air intake manifold 24, a fuel injector 26 associated with 
each cylinder, a camshaft 28, a plurality of valves 30, and 
a cooling system 32. 
[0024] The air intake manifold 24 and fuel injectors 26 are 

adapted to provide pressurized air and fuel, respectively, 
to each cylinder to facilitate combustion. The fuel injec- 
tors 26 are part of a fuel delivery system that may be con- 
figured to deliver fuel via direct or indirect injection as 
known by those skilled in the art. The fuel injectors 26 are 
controlled by the control module 18, which provides an 
injector control signal to each fuel injector 26. More 
specifically, each fuel injector 26 opens for a time deter- 
mined by a pulse width of its respective injector control 
signal. 

[0025] The camshaft 28 is configured to rotate to actuate the 
valves 30 associated with each cylinder in a manner 
known by those skilled in the art. 

[0026] The cooling system 32 is adapted to circulate a fluid, such 
as coolant, through passages in the cylinder block to 
transfer heat from the engine 12 to the surrounding envi- 
ronment. 



[0027] The power source 14 may be of any suitable type. For ex- 
ample, an electrical power source 14 such as a battery, a 
battery pack having a plurality of electrically intercon- 
nected cells, a capacitor, or a fuel cell may be employed. 
Alternatively, a non-electrical power source, such as a hy- 
draulic power source could be employed. For simplicity, 
the description below will primarily refer to an embodi- 
ment of the present invention that incorporates an electri- 
cal power source. 

[0028] The electrical machine 16 may be of any suitable type, 
such as a motor, motor-generator, or starter-alternator. 
In Figure 1, the electrical machine 16 is connected to the 
engine 12 and the power source 14. More specifically, the 
electrical machine 16 may be powered by the power 
source 14 and may be adapted to drive the engine 12 or 
one or more vehicle traction wheels 40. In addition, power 
may flow through the electrical machine 16 in the oppo- 
site direction to charge the power source or drive the en- 
gine 12. In the embodiment shown in Figure 1, the elec- 
trical machine 16 is connected to a differential 42 that is 
connected to a pair of axles 44 that are each connected to 
a vehicle traction wheel 40. 

[0029] The control module 18 is used to monitor and control 



various aspects of the hybrid electric vehicle 10. For ex- 
ample, the control module 18 may be connected to the 
engine 12, power source 14, and electrical machine 16 to 
monitor and control their operation and performance. In 
addition, the control module 18 also processes inputs 
from various sensors to determine the proportions of fuel 
and air, or "fuel/air ratio" for proper combustion. These 
sensors may include an air intake manifold pressure sen- 
sor 50, a coolant temperature sensor 52, a crankshaft po- 
sition sensor 54, and/or a camshaft position sensor 56. 

[0030] The air intake manifold pressure sensor 50 may be of any 
suitable type and may be disposed in any suitable loca- 
tion, such as in the air intake manifold 22. 

[0031] The coolant temperature sensor 52 may of any suitable 
type and may be located in any suitable location. For ex- 
ample, the coolant temperature sensor 52 may be a ther- 
mocouple or thermistor disposed proximate the cooling 
system 32. 

[0032] The crankshaft and camshaft position sensors 54,56 may 
be disposed proximate the crankshaft 22 and camshaft 
28, respectively, to detect rotational movement. The 
crankshaft and camshaft position sensors 54,56 may be 
of any suitable type, such as encoders that utilize optical 



or magnetic detection means. 
[0033] Referring to Figures 3 and 4, two embodiments of a 

method for controlling fuel injection during engine startup 
are shown. For convenience, the embodiments are de- 
scribed with reference to the hybrid vehicle shown in Fig- 
ures 1 and 2. 

[0034] As will be appreciated by one of ordinary skill in the art, 
the flowchart represents control logic which may be im- 
plemented using hardware, software, or combination of 
hardware and software. For example, the various func- 
tions may be performed using a programmed micropro- 
cessor. 

[0035] The control logic may be implemented using any of a 

number of known programming or processing techniques 
or strategies and is not limited to the order or sequence 
illustrated. For instance, interrupt or event-driven pro- 
cessing is typically employed in real-time control applica- 
tions, such as control of an engine or vehicle subsystem, 
rather than a purely sequential strategy as illustrated. 
Likewise, pair processing, multitasking, or multi-threaded 
systems and methods may be used to accomplish the ob- 
jectives, features, and advantages of the present inven- 
tion. 



[0036] This invention is independent of the particular program- 
ming language, operating system processor, or circuitry 
used to develop and/or implement the control logic illus- 
trated. Likewise, depending upon the particular program- 
ming language and processing strategy, various functions 
may be performed in the sequence illustrated at substan- 
tially the same time or in a different sequence while ac- 
complishing the features and advantages of the present 
invention. The illustrated functions may be modified or in 
some cases omitted without departing from the spirit or 
scope of the present invention. 

[0037] The flowcharts in Figures 3 and 4 focus on the steps for 
assessing and providing a desired amount of fuel to one 
or more engine cylinders to promote robust engine start- 
ing while inhibiting unwanted vehicle emissions. More 
specifically, it is desirable to accelerate the engine to a 
desired speed before injecting fuel so as to achieve robust 
combustion, but not provide too much fuel since the ex- 
cess fuel will not be fully combusted. As such, these 
methodologies may be implemented when the engine is 
not running and other control logic has determined that it 
is desirable to start the engine. 

[0038] At 100 in Figure 3, the flowchart begins the engine 



startup sequence by driving the engine 12 with the elec- 
trical machine 16. More specifically, the power source 14 
powers the electrical machine 16 and the electrical ma- 
chine 16 drives or turns the engine 12. 

[0039] At 102, the method determines whether the engine 12 is 
ready for the injection of fuel into one or more cylinders. 
More specifically, the method determines whether the en- 
gine 12 is at a target state, such as a desired engine 
speed. This determination may be based on an air intake 
manifold pressure, a timer, a counter, or combinations 
thereof as described below. 

[0040] Air intake manifold pressure decreases as engine speed 
increases. If the air intake manifold pressure exceeds the 
threshold value, the engine speed is insufficient and the 
process returns to block 100. If the air intake manifold 
pressure is less than the threshold value, the process con- 
tinues at block 104. The air intake manifold pressure sig- 
nal may be provided by the air intake manifold pressure 
sensor 50. The threshold value is a function of various ve- 
hicle and engine characteristics and may be established by 
vehicle testing. 

[0041] Alternately, a timer may be started when the electrical 

machine 16 begins to turn the engine 12. The engine 12 



is considered to be at the target manifold pressure after a 
predetermined period of time has elapsed. The predeter- 
mined period of time may be established by vehicle test- 
ing. 

[0042] similarly, a counter may be incremented when the electri- 
cal machine 16 begins to turn the engine 12. For example, 
the counter may be incremented in response to a cylinder 
event, such as the movement of the piston or number of 
engine revolutions. An engine revolution may be detected 
using the crankshaft and/or camshaft position sensors 
54,56. The engine 12 is considered to be at the target 
manifold pressure when the counter exceeds a predeter- 
mined value, which may be established by vehicle testing. 

[0043] At 104, a cylinder is selected for fuel injection. More 

specifically, the method determines the next cylinder that 
will experience a complete intake stroke. The control 
module 18 may make this selection using signals from the 
crankshaft and/or camshaft position sensors 54,56 in 
conjunction with the firing sequence of the engine 12. 

[0044] Next, at 106, the method determines the appropriate 

amount of fuel to provide to the selected cylinder. Deter- 
mining the appropriate amount of fuel is a three-step 
process. First, a base fuel/air ratio value is obtained or 



calculated. Second, an adjustment fuel/air ratio value is 
calculated. Third, the base fuel/air ratio value and adjust- 
ment fuel/air ratio value are added together to produce a 
target fuel/air ratio value. 

[0045] The base fuel/air ratio value is typically calculated by a 

computer-controlled electronic fuel injection system using 
a complex, computationally intensive algorithm that is 
based on many input signals, such as throttle position, 
engine speed, intake air temperature, intake manifold 
vacuum level, barometric pressure, exhaust gas oxygen 
level, and/or vehicle speed as is known by those skilled in 
the art. The base fuel/air ratio value may not reflect the 
current vehicle operating conditions due to the delay in- 
herent in processing the input signals and completing 
computations. Consequently, the base fuel/air ratio value 
may not precisely control engine fueling during startup to 
reduce vehicle emissions. 

[0046] The adjustment fuel/air ratio value is used to remedy the 
deficiencies of the base fuel/air ratio value. The adjust- 
ment fuel/air ratio value may be based on coolant tem- 
perature and a counter value indicative of the number of 
cylinder events detected. The coolant temperature may be 
provided by the coolant temperature sensor 52. The num- 



ber of cylinder events may be based on signals from the 
crankshaft and/or camshaft position sensors 54,56 as 
previously discussed. The coolant temperature and 
counter signals may be used to reference adjustment val- 
ues stored in a look-up table. Moreover, since the adjust- 
ment fuel/air ratio value is based on fewer variables than 
the base fuel/air ratio value, it may be updated faster than 
the base fuel/air ratio value to more precisely determine 
fuel requirements. 
[0047] At 108, the appropriate amount of fuel is provided to the 
selected cylinder. More specifically, the control module 18 
provides an injector control signal with a desired pulse 
width corresponding to the target fuel/air ratio value to 
cause the fuel injector 26 to open and close as previously 
described. 

[0048] At 110, a counter is incremented to indicate that fuel in- 
jection to the selected cylinder is complete. This step may 
be positioned in any suitable sequence in the control 
logic. 

[0049] At 112, the counter value is compared to a threshold 
value. If the counter value is greater than the threshold 
value, the engine 12 is considered to be operating under 
its own power. Consequently, the additional fuel provided 



during the engine startup sequence is no longer required 
and the flowchart ends at block 114. If the counter value 
does not exceed the threshold value, the method returns 
to block 104 to select the next cylinder for fuel injection 
and repeat the subsequent steps. The threshold value may 
be established by vehicle testing. 
[0050] Referring to Figure 4, a second embodiment of the 
method is shown. This embodiment is similar to that 
shown in Figure 3. However, in this embodiment, once a 
cylinder is selected, the constant amount of fuel is pro- 
vided to each cylinder for one iteration of the engine firing 
sequence. 

[0051] The method begins with steps 200, 202, and 204, 206 
which correspond to steps 100, 102, 104, and 106, re- 
spectively. 

[0052] At 208, the amount of fuel determined in step 206 is pro- 
vided to each cylinder in the firing sequence. For example, 
in the four cylinder engine shown in Figure 1, the same 
amount of fuel is sequentially provided to each of the four 
cylinders during an iteration of the method. The amount 
of fuel may change for each iteration. 

[0053] steps 210 and 212 correspond to steps 110 and 112, re- 
spectively. However, at step 212 if the counter does not 



exceed a threshold value, the method returns to block 
206 and does not reselect a cylinder for fuel injection. The 
selection step does not need to be repeated since once a 
cylinder is selected, the order of all subsequent fuel injec- 
tions is known due to the repetitive firing sequence. 

[0054] Referring to Figure 5, a plot depicting the operation of the 
method presented in Figure 3 is shown. In the plot, the 
horizontal axis represents time (t). For convenience in ref- 
erence, a plurality of spaced vertical lines that represent a 
series of time increments are shown. The leftmost vertical 
line is time 0 (t = 0), the next vertical line is time 1 (t = 1), 
and so on. Along the vertical axis various hybrid vehicle 
attributes including engine speed, air intake manifold 
pressure, counter value, base fuel/air ratio value, adjust- 
ment fuel/air ratio value, target fuel/air ratio value, and 
fuel injector control pulses are depicted. 

[0055] At t = 0, the engine 12 is not operating and the engine 
speed is zero. The air intake manifold pressure is at a 
high level since the engine 12 is not receiving air for com- 
bustion. The counter and fuel/ratio values are initially set 
equal to zero. Similarly, fuel injector control signals are at 
a zero or a low voltage level, indicating that the fuel injec- 
tors are closed. 



[0056] Between t = 0 and t = 1, the control module 18 receives a 
signal to start the engine 12. The control module 18 then 
calculates the base fuel/air ratio value. For simplicity, the 
base fuel/air ratio value is a constant in this example. 
However, the base fuel/air ratio value may change over 
time. 

[0057] At t = 1, driving of the engine 12 with the electrical ma- 
chine 16 is commenced. 

[0058] Between t = 1 and t = 4, the engine speed increases as 
the electrical machine 16 accelerates the engine 12. As 
the engine 12 accelerates, the air intake manifold pres- 
sure decreases since air is permitted to flow into the en- 
gine 12. 

[0059] At t = 4, the engine speed is at a sufficient for fuel injec- 
tion. The adjustment fuel/air ratio value is calculated and 
added to the base fuel/air ratio value to obtain the target 
fuel/air ratio value. In addition, the next cylinder available 
for fuel injection is selected. In this example, cylinder 1 is 
selected and the hypothetical engine firing sequence is 
1-2-3-4. 

[0060] After the target fuel/air ratio has been calculated, an in- 
jection control pulse is sent to the fuel injector for cylin- 
der 1. The pulse causes the fuel injector to open and dis- 



pense fuel. The counter is incremented and compared 
with a threshold value. In this example, the threshold 
value is 12. Since the counter value is less than 12, the 
method steps are repeated. More specifically at t = 5, 9 
and 13, the fuel injector for cylinder 2 receives an injector 
control pulse, at t = 6, 10, and 14 the fuel injector for 
cylinder 3 receives an injector control pulse, and at t = 7, 
11, and 15 the fuel injector for cylinder 4 receives an in- 
jector control pulse. In addition, the counter value is in- 
cremented after each pulse. Moreover, in this example, 
the adjustment fuel/air ratio value decreases after a firing 
sequence is completed at t = 8, 12, and 16. 

[0061] At t = 16, the counter value equals 13, which exceeds the 
threshold value of 12. Consequently, the methodology 
terminates and subsequent fuel injection pulses are based 
solely on the base fuel/air ratio value. 

[0062] This methodology provides the additional fuel desired for 
good combustion at engine startup, yet intelligently pro- 
vides that fuel to an appropriate cylinder to improve com- 
bustion and lower emissions. In addition, this method fa- 
cilitates rapid fueling adjustments in response to chang- 
ing environmental conditions and vehicle performance at- 
tributes. Moreover, this method allows computationally 



intensive calculations, such as base fuel/air ratio calcula- 
tions to be separately conducted from the fuel adjust- 
ments made for a cylinder event. 
[0063] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



